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Abstract
The scattering of solar neutrinos on electrons is sensitive to the neutrino
magnetic moments through an interference of electromagnetic and weak am-
plitudes in the cross section. We show that future low-energy solar neutrino
experiments with good angular resolution can be sensitive to the resulting az-
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imuthal asymmetries in event number and should provide useful information
on non-standard neutrino properties such as magnetic moments. We com-
pare asymmetries expected at Hellaz (mainly pp neutrinos) with those at the
Kamiokande and Super-Kamiokande experiments (Boron neutrinos), both for
the case of Dirac and Majorana neutrinos and discuss the advantages of low
energy experiments. Potentially interesting information on the solar magnetic
fields may be accessible.
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I. INTRODUCTION
Most non-standard properties of neutrinos arise from non-zero masses [1,2]. Among these
electro-magnetic dipole moments play an important role [3]. Here we are concerned with
a particular effect in neutrino-electron scattering for neutrinos from the Sun which possess
a Dirac magnetic moment [4] or transition magnetic moments [5] in the case of Majorana
neutrinos. The latter is especially interesting first of all because it is more fundamental
theoretically, and because Majorana neutrinos are the ones which arise in most extensions
of the Standard Model. Moreover, the effects of Majorana transition moments can be reso-
nantly enhanced when neutrinos propagate in media [6] such as the Sun, providing one of
the attractive solutions to the solar neutrino problem [7]. Another practical advantage in
favour of Majorana transition moments is that, in contrast to Dirac-type magnetic moments,
these are substantially less stringently constrained by astrophysics [8].
For pure left-handed neutrinos the weak interaction and the electro-magnetic interaction
amplitudes on electrons do not interfere, since the weak interaction preserves neutrino helic-
ity while the electro-magnetic does not. As a result the cross section depends quadratically
on µν .
However, if there exists a process capable of converting part of the initially fully polarized
νe’s, then an interference term arises, proportional to µν , as pointed out e.g. in ref. [9]. This
term depends on the angle between the component of the neutrino spin transverse to its
momentum and the momentum of the outgoing recoil electron. Therefore the event count
rates expected in an experiment would exhibit an asymmetry with respect to the above
defined angle. Such asymmetry would not show up in earth-bound laboratory experiments
even with stronger magnetic fields, since the helicity-flip could be caused only by the presence
of a neutrino mass and is therefore negligible [10]. However, in the solar convective zone
one may find a magnetic field extended over a tenth or so of the solar radius and, most
importantly, the neutrino depolarization could be resonant in the Sun. Even if the Sun
possesses only a relatively modest large-scale magnetic field B⊥ ∼ 104 G in the convective
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region (L ∼ Lconv ≃ 3×1010 cm), and for a neutrino magnetic moment of the order 10−11µB
such a spin-flip process may take place with sizeable rates, since in such a case one has
µνB⊥L ∼ 1.
Barbieri and Fiorentini considered [9] the conversions νeL → νeR in the Sun as a result
of the spin-flip by a toroidal magnetic field in the convective zone. They showed that the
azimuthal asymmetry could be observable in a real time solar 8B-neutrino experiment and
as large as 20% for an electron kinetic energy threshold of We = 5 MeV. They chose a fixed
νe survival probability Pe = 1/3 (as suggested at that time by the Homestake experiment)
and the maximal Dirac magnetic moment allowed by laboratory experiments, µν ≃ 10−10µB.
On the other hand, Vogel and Engel [11] emphasized that if an asymmetry in the scat-
tering of solar neutrinos exists, recoil electrons will be emitted copiously along the direction
of the neutrino polarization in the plane orthogonal to the neutrino momentum. They cal-
culated the asymmetry expected for solar 8B neutrinos with µν = 10
−10µB and concluded
that it would be difficult to detect because of the poor angular resolution of the experiments.
Moreover, as we will see later, both [9] and [11] overestimated the asymmetry. Thus their
calculations are not accurate.
In this paper we correct results for the asymmetry in the case presented by [9] and [11] for
high energy 8B neutrinos. In addition we compare them with the expected asymmetry in the
case of a Majorana transition magnetic moment of the same magnitude. More importantly,
we show the sensitivity of planned solar neutrino experiments in the low energy region
(ω <∼ 1 MeV) to the azimuthal asymmetries that are expected in the recoil electron event
rates, arising from the above electro-weak interference term. We calculate the asymmetry
for the low-energy pp-neutrinos fixing the survival probability at Pe = 0.5. This gives
the maximum expected asymmetry and seems phenomenologically reasonable in order to
convert the initial solar νeL’s via the Resonant Spin-Flavour Precession (RSFP) scenario. In
particular we calculate the asymmetry that could be observed in the azimuthal distribution
of events in an experiment like the proposed Hellaz [12], sensitive to the fundamental pp
neutrinos from the Sun. The Multi-Wire-Chamber in Hellaz should measure both the recoil
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electron energy T and the recoil electron scattering angle θ with good precision. Moreover
Hellaz should be sensitive to the azimuthal angle φ, measuring the number of events in
φ–bins. We discuss the sensitivity of the Hellaz experiment for probing µν and compare it
with planned accelerator experiments. In particular there are very interesting new projects,
such as the future ITEP-Minnesota experiment, where they plan to search µν/µB down
to 3 · 10−11 with reactor anti-neutrinos [13], and the LAMA experiment, which will use a
powerful isotope neutrino source [14].
Finally, we also refine our calculations of the azimuthal asymmetry expected for pp
neutrinos at Hellaz using a realistic energy-dependent conversion probability Pe based on a
simple model for resonant spin flip conversions in the Sun.
II. NEUTRINO-ELECTRON SCATTERING CROSS SECTIONS
We consider the neutrino–electron scattering process νe(k1)+e(p1)→ νe(k2)+e(p2) when
the initial flux of neutrinos is not completely polarized, as a result of conversions induced
by non-zero transition magnetic moments in the Sun. In other words, our flux is a mixture
of both the original left-handed solar neutrinos with the converted ones (right-handed). We
consider both conventional Dirac-type magnetic moments as well as Majorana transition
moments. The differential cross section can be written as a sum of three terms, (for details,
see for instance [15])
dσ
dTdφ
=
(
dσ
dTdφ
)
weak
+
(
dσ
dTdφ
)
em
+
(
dσ
dTdφ
)
int
, (1)
where T is the recoil energy of electrons and φ the azimuthal angle defined in figure 1.
Let us first assume that only the Dirac νe magnetic moment exists, µνe. For ultra-
relativistic neutrinos the expressions for the weak and electro-magnetic terms are the fol-
lowing
(
dσ
dTdφ
)
weak
= Pe
G2Fme
π2
[
g2eL + g
2
R
(
1− T
ω
)2
− meT
ω2
geLgR
]
(2)
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(
dσ
dTdφ
)
em
=
α2
2m2e
(
µνe
µB
)2 [
1
T
− 1
ω
]
. (3)
Here Pe is the survival probability of the initial νeL, ω is the incoming neutrino energy,
and geL = sin
2 θW + 0.5 and gR = sin
2 θW are the constants of the Standard Model with
sin2 θW ≃ 0.23.
In such a case there is an interference term proportional to µν [9],
(
dσ
dTdφ
)
int
= − αGF
2
√
2πmeT
(
µνe
µB
)
~p2 · ~AD(T, ω) (4)
where
~AD(T, ω) ≡
[
geL + gR
(
1− T
ω
)]
~ξ⊥ (5)
Here ~ξ⊥ is the transverse component of the neutrino polarization spin vector with respect
to its momentum. It is a function of the νeL survival probability, | ~ξ⊥ |= 2
√
Pe(1− Pe).
This interference term depends on the angle between ~ξ⊥ and the momentum of the outgoing
electron ~p2. Eq. (4) may be written as a function of the azimuthal angle φ (as defined in
figure 1) using
~p2 · ~ξ⊥ =| ~p2 | sin θ | ~ξ⊥ | cosφ =
√
2meT
(
1− T
Tmax
)
| ~ξ⊥ | cosφ (6)
where Tmax = 2ω
2/(me + 2ω) is the maximum electron recoil energy.
Let us explain here why the results of [9] and [11] for Dirac neutrinos are not correct.
First, the weak term in eq. (11a) of Barbieri & Fiorentini is a factor 2 less than our eq. (2),
while the interference term coincides with ours. On the other hand Vogel & Engel used an
interference term (their eq. (A9)) which is a factor 2 bigger than our eq. (4). Thus both
overestimated the asymmetry by an approximate factor two. This also agrees with a recent
calculation in reference [16].
If neutrinos are Majorana particles they can only possess a transition magnetic moment
µ12. For simplicity we assume the case of CP conservation. For definiteness, moreover, we
consider the case of two neutrino species, νe and νµ, with positive relative CP-parity [5].
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The three terms of the differential cross section will include an electro-magnetic term (same
as eq. (3) with µ→ µ12), a weak term,
(
dσ
dTdφ
)
weak
=
G2Fme
π2
{
Pe
[
g2eL + g
2
R
(
1− T
ω
)2
− meT
ω2
geLgR
]
+
+ (1− Pe)
[
g2R + g
2
µL
(
1− T
ω
)2
− meT
ω2
gµLgR
]}
, (7)
where gµL = sin
2 θW − 0.5, and an interference term
(
dσ
dTdφ
)
int
= − αGF
4
√
2πmeT
(
µ12
µB
)
~p2 · ~AM(T, ω) (8)
where we have defined
~AM(T, ω) ≡
[
(geL + gµL + 2gR)
(
2− T
ω
)
+ (geL − gµL)T
ω
]
~ξ eµ¯⊥ (9)
Here the mixed polarization vector is given by [15]
| ~ξ eµ¯⊥ |= 2
√
PePµ¯ (10)
where Pµ¯ = 1− Pe is the νeL → ν¯µR conversion probability.
III. EXPECTED AZIMUTHAL ASYMMETRIES IN HELLAZ
The relevant quantity to be measured in neutrino-electron scattering experiments capable
of measuring directionality of the outgoing e− (like Hellaz) is the event number azimuthal
distribution, namely
dN
dφ
= Ne
∑
i
Φ0i
∫ Tmax
TTh
dT
∫ ωmax
ωmin(T )
dω λi(ω)ǫ(ω)
dσ
dTdφ
(ω, T ) (11)
where dσ/dTdφ is given in eq. (1), ǫ(ω) is the efficiency of the detector (which we take as
unity for energies above the threshold, for simplicity), and Ne is the number of electrons in
the fiducial volume of the detector. The sum in the above equation is done over the solar
neutrino spectrum, where i corresponds to the different reactions i = pp, 7Be, pep, 8B . . .,
characterized by a differential spectrum λi(ω) and an integral flux Φ0i.
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In the previous section we found that the azimuthal distribution of the number of events
can be written as
dN
dφ
= nweak + nem + nint cosφ (12)
where nweak (nem) accounts for the weak (electro-magnetic) contributions, while nint is the
interference term.
The differential azimuthal asymmetry is defined as
dA
dφ
∣∣∣∣∣
φ′
=
dN
dφ
∣∣∣∣∣
φ′
− dN
dφ
∣∣∣∣∣
φ′+pi
dN
dφ
∣∣∣∣∣
φ′
+
dN
dφ
∣∣∣∣∣
φ′+pi
=
nint
nweak + nem
cosφ′ (13)
where φ (φ′) is measured with respect to the direction of the magnetic field ~B⊙, which we
will assume to be along the positive x-axis (see fig. 1).
One can also define an integrated (over φ) asymmetry
A(φ′) = N2(φ
′)−N1(φ′)
N2(φ
′) +N1(φ
′)
, (14)
where
N2(φ
′) =
∫ φ′+pi
φ′
dN
dφ
dφ = π(nweak + nem)− 2nint sinφ′ (15)
N1(φ
′) =
∫ φ′+2pi
φ′+pi
dN
dφ
dφ = π(nweak + nem) + 2nint sinφ
′ (16)
and then one gets
A(φ′) = − 2nint
π(nweak + nem)
sin φ′ (17)
which is directly related to the differential asymmetry by
A(φ′) = −2
π
dA
dφ
∣∣∣∣∣
φ′
tanφ′
Let us define the maximum integrated asymmetry measurable by the experiment,
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A =
2nint
π(nweak + nem)
(18)
Then
A(φ′) = −A sinφ′ (19)
where A is manifestly positive.
It is important to emphasize that Hellaz will be the first experiment which is poten-
tially sensitive to azimuthal asymmetries since the directionality of the outgoing e− can be
measured. The angular resolution is expected to be ∆θ ∼ ∆φ ∼ 30 mrad ∼ 2◦, substan-
tially better than that of Super-Kamiokande. Notice also that the width of the Cerenkov
cone defined by the angle θ is very narrow for high-energy boron neutrinos, as one can see
from eq. (6). In contrast, for pp neutrino energies accessible at Hellaz (Tmax ≃ 0.26 MeV,
Tth ≃ 0.1 MeV) we estimate that θ can be as large as 48◦.
Let us now discuss how the measurement of the azimuthal asymmetry could be carried
out considering that ~B⊙ is constant over a given period of time but its direction is unknown.
One should collect events in every φ-bin, where φ is defined with respect to some arbitrarily
chosen axis, and then take for different φ′s the ratio A(φ′) which should show a sinφ′
dependence with a maximum equal to A. This maximum will show us the angle φ0 which
corresponds to the direction of ~B⊙ (φ0 = 0 if ~B⊙ goes along the positive x axis). Then the
direction of ~B⊙ is measured together with A. Since this direction may change in time the
experiment should accumulate events until the maximum sinφ-like correlation in A(φ) is
found and then start a new event counting period when such correlation goes away due to
the changing direction of ~B⊙. Therefore the value of A could be extracted by performing a
series of such measurements.
We have calculated the maximal integrated azimuthal asymmetry A for the case of 8B
neutrinos, i.e. for the situation described in references [9] and [11]. In order to do this we
have made use of the corresponding differential 8B neutrino spectrum in the Standard Solar
Model [17]. Our results are shown in figure 2. One can see that the asymmetry in the Dirac
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diagonal case (νeL → νeR) is in fact approximately a factor two smaller than predicted by
Barbieri & Fiorentini. The asymmetry in the Majorana case (νeL → ν¯µR) for the equivalent
µ value is, as expected, smaller since there are two active species in the neutrino flux so that
the weak term (which enters in the denominator in eq. (17)) becomes larger.
Figure 3 shows the results obtained by a similar analysis for the case of pp-neutrinos,
again taking into account the theoretically predicted differential pp neutrino spectrum and a
more realistic value of the survival probability for the RSFP scenario in the Sun (Pe = 0.5).
Searching for such an asymmetry would be quite an interesting physics task in an Hellaz-like
experiment.
The dependence of A on the value of the magnetic moment deserves a more detailed
analysis. One can write
A =
µνaint
aweak + µ
2
νaem
(20)
with µνaint = 4nint, aweak = 2πnweak ≡ Nweak and µ2νaem = 2πnem ≡ Nem. It follows that A
is maximized forNweak = Nem, e.g. when the pure weak term is equal to the electro-magnetic
contribution. This fact favours pp-neutrinos with respect to high energy neutrinos, since such
a maximum is reached for lower µν values precisely due to the lower energies considered.
In fact, for an energy threshold of recoil electrons We = 0.1 MeV (reachable at Hellaz) the
maximal asymmetry is reached for µν ≃ 3 ·10−11µB in contrast to Boron neutrinos, for which
the maximal asymmetry is reached for µν ≃ 10−10µB. This way one sees that figs. 2 and 3
describe approximately the most favourable situation for measuring A (see also figure 4).
The fact that dA/dµν = 0 is reached when the number of weak events is equal to
the number of electro-magnetic events seems to suggest that the measurement of the total
number of events Nweak + Nem would be enough to rule out the values of µν to which the
asymmetry is sensitive. However, it is not so if one bears in mind that:
1. background events from other processes always increase the total number of events.
Thus one needs to perform a good subtraction of background events to get some
information on the µν term. On the other hand, assuming that the background is
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isotropic in the azimuthal plane, it should not be present in the numerator of A and
then if some asymmetry is measured one can be confident that it is due to a neutrino
magnetic moment;
2. the asymmetry is a ratio of event numbers. Thus global normalization uncertainties
(e.g. in the total neutrino fluxes) completely drop out from the asymmetry. On
the other hand energy-dependent uncertainties (in the neutrino spectrum or detection
efficiencies) will be reduced since the same integrations appear in the numerator and
in the denominator;
Last, but not least, if resonant spin flavour precessions really take place, one can not use
the standard weak cross section and subtract it in order to get information on µν ; the signal
becomes then uncertain since the “weak background” becomes unknown.
For all these reasons the asymmetry measurement is preferred. It suffers, of course from
the dependence on the magnetic field direction, which is unknown. However, sensitivity to
that information is also of potential astrophysical interest.
IV. A SIMPLE MODEL FOR THE CONVERSION PROBABILITY
We now consider how the above results are affected by the energy dependence expected
in the conversion probability in the RSFP scenario. The general evolution Hamiltonian
characterizing the system of two Majorana neutrinos with a non-zero transition moment is
four-dimensional [5]. For simplicity we illustrate the energy dependence of the conversion
probability in the simplest realization of the RSFP scenario [6] where vacuum mixing is
neglected. In this case the Hamiltonian becomes 2 × 2 and the conversion probability
P (νeL → ν¯µR) is given analytically as (see for instance [18])
P (νe → ν¯µ) = 1
2
−
(
1
2
− PLZ
)
cos 2θm (21)
Here θm is the effective neutrino mixing angle in matter
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tan 2θm =
2µ12B⊙
∆m2
2ω
− 2VN − VC
(22)
where µ12 denotes the transition magnetic moment, ∆m
2 = m2νµ − m2νe and VC (VN) is
the effective potential of the neutrinos in the medium that arises due to charged (neutral)
current interactions. On the other hand PLZ is the Landau-Zener transition probability,
PLZ = exp
(
−π
4
Q
)
where Q ≃ 16ω(µ12B⊙)
20.1R⊙
∆m2
(23)
From analyses of experimental data and different models of the solar magnetic field [7], one
finds that the data are well reproduced for ∆m2 ≃ 4 · 10−9 − 2 · 10−8 eV2, with a maximum
B⊙ strength of 25− 50 kG, assuming µ12 = 10−11µB.
For low-energy solar neutrinos, such as pp neutrinos, the conversion in eq. (21) corre-
sponds to the non-adiabatic regime Q <∼ 1, so that
P (νeL → ν¯µR) ≃ 1− PLZ(ω) (24)
In fig. 5 we show our results for the azimuthal asymmetry of events when the conversion
probability depends on the neutrino energy as in eq. (24). We present three choices of
∆m2, B⊙ values that lead to a conversion probability of the order of 40-60%. The case of
constant Pe = 0.5 is shown for comparison. One can see from the figure that the dependence
of Pe on the neutrino energy leads to somewhat smaller azimuthal asymmetries, but qual-
itatively very similar to those obtained in the previous case, where the energy dependence
was neglected. There is basically a compensation of the effect when integrating over energies
with the νpp spectrum, in such a way that this dependence is smoothed.
V. SUMMARY AND DISCUSSION
Measuring azimuthal asymmetries in future low-energy solar neutrino-electron scatter-
ing experiments with good angular resolution should be a feasible and illuminating task.
Such asymmetries should provide useful information on non-standard neutrino properties
such as magnetic moments, as well as on solar magnetic fields. The effect follows from an
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interference of electro-magnetic and weak amplitudes in the cross section. We have seen
that low-energy experiments such as Hellaz (sensitive mainly to pp neutrinos) should pro-
vide a much better means for the study of azimuthal asymmetries than accessible at the
Kamiokande or Super-Kamiokande experiments (sensitive to Boron neutrinos). For equal
values of the magnetic moments, the expected asymmetries are larger for Dirac neutrinos
than for Majorana neutrino transition moments. However, the Dirac neutrino case is prob-
ably less likely, as there is no resonant conversion in the Sun. One exception would be the
case of Dirac neutrinos in the presence of twisting magnetic fields [19]. However, although
in this case resonant conversions in matter can take place one expects (as mentioned in sec-
tion 3) a washing out of the asymmetry effect due to the changing magnetic field direction.
Therefore the RSFP scenario remains as the most promising possibility. It is also the most
interesting one theoretically, since Majorana neutrinos are more fundamental and arise in
most models of particle physics beyond the Standard Model.
Note that the discussion given above we have assumed νe magnetic moments of the
order 10−11µB which is consistent with present laboratory experiments. Apart from possible
effects in red giants, a νe transition moment of 10
−11µB is compatible with astrophysical
limits, given the present uncertainties in these considerations.
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FIGURES
FIG. 1. Coordinate system conventions.
FIG. 2. Maximal integrated azimuthal asymmetry A for Boron neutrinos as a function of the
electron recoil energy threshold We. Solid line: Dirac case (νeL → νeR). Dashed line: Majorana
case (νe → ν¯µ). Here Pe is the electron neutrino survival probability.
FIG. 3. Maximal integrated azimuthal asymmetry A for pp neutrinos as a function ofWe. Solid
line: Dirac case. Dashed line: Majorana case.
FIG. 4. Dependence of the maximal azimuthal symmetry A on the magnetic moment. Solid
line: Dirac case. Dashed line: Majorana case. The threshold energy for recoil electrons is fixed at
We = 0.1 MeV (upper lines) and We = 0.05 MeV (lower ones).
FIG. 5. The three lower curves show the maximal azimuthal asymmetry A in the simple RSFP
model described in section 4 for the Majorana transition moment case for three different choices
of parameters. The upper one gives the expected asymmetry expected for the case of constant
Pe = 0.5 (maximum of asymmetry).
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